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The chloroplastic drought-induced stress protein of 32 kD (CDSP32) is composed of two thioredoxin modules and is in-
duced by environmental and oxidative stress conditions. We investigated whether the plastidic protein BAS1, which is
related to eubacterial 2-Cys peroxiredoxin, is a target for CDSP32. Using a CDSP32 active-site mutant, we showed that
the BAS1 and CDSP32 proteins form a mixed disulfide complex in vitro. Moreover, affinity chromatography indicated
that BAS1 is a major target for CDSP32 in chloroplasts. CDSP32 was able to reduce BAS1 in vitro, and BAS1 displayed
CDSP32-dependent peroxidase activity. The function of CDSP32 was investigated in transgenic potato lines without
detectable levels of the protein as a result of cosuppression. Under conditions of photooxidative stress induced by in-
cubation with either methyl viologen or 

 

t

 

-butyl hydroperoxide or by exposure to low temperature under high light,
plants lacking CDSP32 exhibited decreased maximal photosystem II photochemical efficiencies compared with the
wild type and transgenic controls. In addition, plants without CDSP32 retained much less chlorophyll than controls un-
der stress, indicating increased damage to photosynthetic membranes. We conclude that CDSP32 is a thioredoxin with
a critical role in plastid defense against oxidative damage and that this role is related to its function as a physiological
electron donor to the BAS1 peroxiredoxin.

INTRODUCTION

 

Thioredoxins are small proteins with a Cys-Gly-Pro-Cys ac-
tive site domain that is able to reduce disulfide bridges on
target proteins. They are found in all living cells and display
a typical structure, called the thioredoxin fold, which is char-
acterized by a central pleated 

 

�

 

 sheet composed of five
strands surrounded by 

 

�

 

 helices (Eklund et al., 1991). In ad-
dition to a general function in the regulation of enzyme activ-
ity via thiol redox control, thioredoxins participate in many
other processes, such as sulfate assimilation, phage assem-
bly, DNA transcription, and cell apoptosis (Holmgren, 1985;
Schenk et al., 1994; Saitoh et al., 1998). In bacteria, yeast,
and animals, thioredoxins have been shown to be involved
in oxidative stress responses. For example, the oxidative
stress–induced expression of 

 

thioredoxin 2

 

 in 

 

Escherichia
coli

 

 is activated by the transcription factor OxyR (Ritz et al.,
2000), and a thioredoxin-deficient yeast mutant is hypersen-
sitive to H

 

2

 

O

 

2

 

 (Muller, 1991).
Evidence for a role for thioredoxins in H

 

2

 

O

 

2

 

 reduction has

been obtained in yeast and mammals. This role is linked to
the action of 2-Cys peroxiredoxins, a family of thioredoxin-
dependent peroxidases similar to the bacterial subunit C of
alkyl hydroperoxide reductase (AhpC). These peroxidases
are able to reduce H

 

2

 

O

 

2

 

 or alkyl hydroperoxides by transfer-
ring electrons from sulfhydryl residues (Chae et al., 1994). In

 

Salmonella typhimurium

 

, in which the system has been best
characterized, AhpC is reduced by AhpF, a flavin adenine
dinucleotide–containing protein with a C-terminal domain
similar to the 

 

E. coli

 

 35-kD flavoprotein thioredoxin reduc-
tase Tr-R (Poole et al., 2000b). A recent study showed that
the N-terminal domain of AhpF contains a tandem repeat of
the thioredoxin fold. The second of these folds retains a re-
dox-active disulfide center able to mediate electron transfer
from the AhpF TrR-like domain to AhpC (Poole et al.,
2000a).

Three types of thioredoxins (

 

h

 

, 

 

f

 

, and 

 

m

 

) have been identi-
fied in plants, each encoded by a multigene family (Meyer et
al., 1999). Thioredoxin 

 

h

 

 is located in the cytosol and is sug-
gested to participate in cell communication, seed germina-
tion, and reproduction (for review, see Schürmann and
Jacquot, 2000). Thioredoxins 

 

f

 

 and 

 

m

 

 are present in chloro-
plasts, where they regulate, through conformational changes,
the activity of certain enzymes involved in photosynthetic
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carbon metabolism, such as Fru-1,6-bisphosphatase and
NADP malate dehydrogenase (Jacquot et al., 1997; Ruelland
and Miginiac-Maslow, 1999). The role of thioredoxins in oxi-
dative stress responses in plants is largely unexplored. Ara-
bidopsis thioredoxins 

 

h

 

3

 

 and 

 

m

 

 have been reported to
partially complement the H

 

2

 

O

 

2

 

 hypersensitivity of a yeast
thioredoxin-deficient mutant (Mouaheb et al., 1998; Issakidis-
Bourguet et al., 2001). An active-site mutant of Arabidopsis
thioredoxin 

 

h

 

3

 

, when expressed in yeast, was found to inter-
act with a peroxiredoxin (Verdoucq et al., 1999). The plant
2-Cys peroxiredoxin called BAS1, which is related to AhpC,
has been found in chloroplasts, in which it exists as a ho-
modimer associated with the stromal surface of the thyla-
koids (Baier and Dietz, 1999a). Baier and Dietz (1999b)
showed that BAS1 protects the photosynthetic apparatus
against oxidative damage during leaf development in Arabi-
dopsis. To date, no electron donor reducing the plastidic
2-Cys peroxiredoxin has been identified.

We characterized a novel type of plant thioredoxin in po-
tato called CDSP32 (chloroplastic drought-induced stress
protein of 32 kD) (Pruvot et al., 1996). The CDSP32 protein,
which is encoded in the nucleus and located in the stroma,
is abundant during severe drought and oxidative stress con-
ditions (Rey et al., 1998; Eymery and Rey, 1999; Broin et al.,
2000). The mature CDSP32 protein (243 residues) exhibits
structural features similar to those described for the AhpF
N-terminal domain described previously. Each protein con-
tains two thioredoxin domains, with the one closest to the C
terminus retaining a redox-active disulfide (Rey et al., 1998;
Poole et al., 2000a).

In the present study, based on the sequence similarities
between AhpF and CDSP32 and between AhpC and BAS1,
we investigated whether CDSP32 could act as an electron
donor to BAS1 in a manner similar to that described for the
bacterial AhpF/AhpC system. Because the thioredoxin re-
duction catalytic mechanism proceeds via the formation of a
transient covalent complex with the substrate, through a
disulfide bridge between the first Cys of the thioredoxin ac-
tive site and the substrate Cys (Yang and Wells, 1991), we
used a mutation strategy to modify the CDSP32 active site.
Replacing the second Cys of the active site with a Ser (a
nonreactive structural analog) results in stabilization of the
complex (Wynn et al., 1995; Goyer et al., 1999; Verdoucq et
al., 1999; Balmer and Schürmann, 2001). Using a CDSP32
active-site mutant, we show the formation of a CDSP32/
BAS1 mixed disulfide complex in vitro. In addition, affinity
chromatography indicates that BAS1 is a major target for
CDSP32 in plant extracts. As a step toward clarifying
CDSP32 function, we generated transgenic potato plants al-
tered in 

 

CDSP32

 

 expression. We report that cosuppressed
lines lacking CDSP32 exhibit an increased susceptibility to
photooxidative stress conditions. These data demonstrate
the presence of a thioredoxin-dependent defense system
that prevents oxidative damage in plants. We propose that
the peroxiredoxin-dependent reduction of alkyl hydroperox-
ides in chloroplasts proceeds through CDSP32.

 

RESULTS

Cloning and Sequence Analysis of Arabidopsis 
CDSP32 cDNA

 

Using the potato CDSP32 (StCDSP32) cDNA as a probe, a
full-length Arabidopsis cDNA, encoding a 302-residue pro-
tein, was isolated and designated AtCDSP32. The mature
AtCDSP32 and StCDSP32 proteins (244 and 243 residues,
respectively) were found to share 75% identity and 82%
similarity (Figure 1). Interestingly, higher percentages of
identity and similarity were noted in the half C-terminal domain
(83 and 88%, respectively). As described for StCDSP32 (Rey
et al., 1998), the AtCDSP32 half N- and C-terminal domains
displayed 27% identity and 44% similarity, with no active
site in the N-terminal part.

DNA gel blot data indicated that 

 

AtCDSP32

 

 is very likely a
single-copy gene in Arabidopsis (data not shown) as in po-
tato (Rey et al., 1998). Sequence analysis using the BLAST
algorithm (Altschul et al., 1990) revealed that two overlap-
ping genomic fragments from Arabidopsis chromosome I
contained 

 

AtCDSP32

 

 in their common region, confirming
the presence of one copy in this species.

 

Production, Integrity, and Activity of 
Recombinant Proteins

 

The Arabidopsis and potato cDNAs coding for mature
CDSP32 proteins (AtCDSP32m and StCDSP32m, respec-
tively), for mutated CDSP32 proteins, with the second Cys
of the active site replaced by a Ser (AtCDSP32mC164S and
StCDSP32mC163S), and for CDSP32 half C-terminal do-
mains (AtCDSP32C-ter and StCDSP32C-ter) were cloned
into pQE30 expression vectors. The recombinant proteins
were produced in 

 

E. coli

 

 and purified in native conditions.
Protein purity and identity were verified using SDS-PAGE
(Figure 2) and immunoblot analysis (data not shown). Circu-
lar dichroism in the 190- to 260-nm range indicated correct
folding for all proteins, with no difference between wild-type
and mutant spectra (data not shown). Furthermore, the fold-
ing of AtCDSP32m and StCDSP32m was verified using two-
dimensional NMR analysis. Preliminary interpretation of
these data confirmed that both proteins were composed of
two typical thioredoxin folds, as suggested by sequence
analysis and predicted using the RasMol2 molecular graph-
ics program (data not shown).

The thioredoxin activity of CDSP32 proteins was inves-
tigated by performing insulin reduction assays (Holmgren,
1979). As shown in Figure 3, DTT alone resulted in slow
insulin precipitation after 32 min. When 5 

 

�

 

M 

 

E. coli

 

 thio-
redoxin was added as a positive control, insulin precipita-
tion was observed after 7 min and occurred at a maximal
rate of 0.199 OD unit/min. Using 5 

 

�

 

M AtCDSP32C-ter, in-
sulin precipitation took place after 13 min with a lower rate
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(maximal rate of 0.090 OD unit/min). Similar results have
been reported by Rey et al. (1998) with regard to the insu-
lin reduction properties of StCDSP32C-ter. In contrast,
the whole AtCDSP32m and StCDSP32m proteins did not
reduce insulin at a faster rate than DTT alone (Figure 3 and
data not shown). Because circular dichroism and NMR
indicated correct folding for both proteins, we conclude
that the mature CDSP32 proteins are not able to reduce
insulin.

In plant cells, the plastidic BAS1 2-Cys peroxiredoxin
exists as a homodimer, with the two subunits linked
through a disulfide bridge between Cys-54 of one subunit
and Cys-175 of the other subunit (Baier and Dietz, 1997).
Mutation of either Cys residue in the AhpC protein has
been reported to prevent dimerization (Ellis and Poole,
1997). The Arabidopsis cDNAs that code for mature BAS1
(AtBAS1m) and for mutated BAS1, with the first Cys re-
placed by a Ser (AtBAS1mC54S), were cloned into the
pQE32 expression vector. Purified recombinant proteins
were analyzed using SDS-PAGE (Figure 2) and immunode-
tection (data not shown). On the basis of circular dichroism
spectra in the 190- to 260-nm range, the proteins ap-
peared to be folded correctly, with no difference between
AtBAS1m and AtBAS1mC54S (data not shown).

 

Interaction in Vitro between a CDSP32 Active-Site 
Mutant and BAS1

 

We analyzed the ability of CDSP32 to interact with BAS1 by
incubating AtCDSP32mC164S or StCDSP32mC163S with
AtBAS1m or AtBAS1mC54S. After incubation, the proteins
were separated by SDS-PAGE in the presence or absence
of a reducing agent (DTT) and analyzed by immunodetec-
tion using sera raised against CDSP32 and BAS1. When
AtCDSP32mC164S was incubated alone and SDS-PAGE
was run without DTT, a single 32-kD band was recognized
by the anti-AtCDSP32 serum (Figure 4A, lane 5). When
AtBAS1m and AtBAS1mC54S were treated similarly, 25-
and 45-kD bands corresponding to BAS1 monomer and
dimer, respectively, were revealed using the anti-AtBAS1m
serum, the dimer being the major form with AtBAS1m (Fig-
ure 4B, lanes 6 and 7). These data indicate that dimerization
of AtBAS1mC54S can occur through the other Cys (Cys-
175) of each subunit. In addition, several faint bands likely
corresponding to BAS1 multimers were detected in both ex-
tracts. In samples containing the CDSP32 and BAS1 proteins
separated in the presence of DTT, the anti-AtCDSP32 serum
revealed a 32-kD band corresponding to AtCDSP32mC164S
(Figure 4A, lanes 1 and 2), whereas the serum raised against

Figure 1. Sequence Alignment of Arabidopsis (AtCDSP32) and Potato (StCDSP32) CDSP32 Precursor Proteins.

Identity and similarity of amino acids are indicated by colons and dots, respectively. The arrow indicates the putative transit peptide cleavage
site, and the asterisk indicates the first residues of the C-terminal domains. The active sites are underlined, and residues important for preserv-
ing the thioredoxin fold (Eklund et al., 1991) appear in boldface type.
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AtBAS1 revealed a main 25-kD band corresponding to a
monomer of AtBAS1m and a faint 45-kD band correspond-
ing to a dimer (Figure 4B, lanes 1 and 2). When mixed
AtCDSP32mC164S and AtBAS1m were separated without
DTT, an extra band of 

 

�

 

66 kD was revealed using both anti-
AtCDSP32 and anti-AtBAS1 sera (Figures 4A and 4B, lanes
3). The analysis of AtCDSP32mC164S and AtBAS1mC54S
mixtures separated without DTT showed a supplemen-
tary 55-kD band detected using the anti-AtBAS1 and anti-
AtCDSP32 sera (Figures 4A and 4B, lanes 4).

The 66- and 55-kD bands were not observed with only one
protein type in the incubation mixture or when AtBAS1m and
AtCDSP32m were mixed and separated in the presence of DTT.
Because they are recognized by both anti-AtBAS1 and anti-
AtCDSP32 sera, they correspond to 66- and 55-kD hetero-
dimeric disulfide complexes composed of AtCDSP32mC164S
and a dimer of AtBAS1m or a monomer of AtBAS1mC54S,
respectively. No extra band was observed when wild-
type AtCDSP32m was incubated with AtBAS1m or with
AtBAS1mC54S (data not shown), clearly demonstrating the
necessity of modifying the AtCDSP32m active site to stabi-

lize the complex. Note also that no additional band was
observed in mixtures containing StCDSP32mC163S and
AtBAS1m or AtBAS1mC54S after separation without DTT
(Figures 4C and 4D, lanes 1 and 2).

In these incubation experiments, only a low proportion of the
AtBAS1 and AtCDSP32 pools appeared to form a stable com-
plex. We investigated whether modifying the redox state of
AtBAS1 and AtCDSP32 Cys residues could change the pro-
portion of complexed proteins. To ensure full AtBAS1mC54S
oxidation, the protein was reacted with dithiobisnitrobenzoic
acid (Wang et al., 1996) to give a mixed disulfide derivative,
AtBAS1mC54S-TNB. The C54S mutant was used rather
than the wild-type protein to avoid reduction of the TNB de-
rivative via dimerization. AtBAS1mC54S-TNB was incu-
bated for 15 min with AtCDSP32mC164S prereduced with
DTT. SDS-PAGE revealed that after incubation, 

 

�

 

50% of
AtBAS1C54S and AtCDSP32C164S were complexed as a
stable mixed disulfide of 55 kD (Figure 4E). This experiment
clearly demonstrates that AtBAS1 oxidation and AtCDSP32
reduction substantially increase the formation of the disul-
fide complex.

Figure 2. Purification of Recombinant CDSP32 and BAS1 Proteins.

The proteins produced in E. coli with a six-His N-terminal tag were purified using a nickel affinity column, separated by SDS-PAGE, and stained
with Coomassie blue. Lane 1, molecular mass markers; lane 2, AtCDSP32C-ter; lane 3, AtCDSP32m; lane 4, AtCDSP32mC164S; lane 5,
StCDSP32C-ter; lane 6, StCDSP32m; lane 7, StCDSP32mC163S; lane 8, AtBAS1m; lane 9, AtBAS1mC54S.
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Figure 3. Thioredoxin Activity of Arabidopsis CDSP32 Protein.

The reduction of insulin (1 mg/mL) by 5 �M AtCDSP32m (inverted
triangles) or by 5 �M AtCDSP32C-ter (circles) was monitored as an
increase in turbidity at 650 nm because of insulin precipitation. The
reaction was started by DTT addition. DTT alone (diamonds) and E.
coli thioredoxin at 5 �M (squares) were used as negative and posi-
tive controls, respectively.

 

Affinity Chromatography Using AtCDSP32m and 
StCDSP32m as Bait

 

To investigate the specificity of the CDSP32–BAS1 interaction
in native plant proteins, we performed affinity chromatography
using CDSP32 mutant proteins as bait to analyze extracts of
leaf and chloroplastic soluble proteins. After immobilization
of either AtCDSP32mC164S or StCDSP32mC163S on Hi-
Trap 

 

N

 

-hydroxysuccinimide-activated columns, extracts from
Arabidopsis leaves or potato chloroplasts, respectively,
were loaded on the columns. After washing, the proteins
that were retained specifically through a disulfide bridge to
CDSP32 were eluted using DTT. Samples representative of
each chromatography step were separated by SDS-PAGE
and analyzed using silver staining and immunodetection
with anti-AtBAS1 serum (Figure 5).

For both Arabidopsis and potato extracts, few proteins
were revealed in DTT-recovered fractions, and a 25-kD pro-
tein appeared to be a major band out of these proteins (Fig-
ures 5A and 5C, lanes 4). Immunoblot analysis clearly
identified this band as BAS1 (Figures 5B and 5D, lanes 3)
and also revealed a large BAS1 abundance in the unbound
fractions (Figures 5B and 5D, lanes 2). The protein was not
detected in washing fractions (data not shown). Because
most other eluted bands were observed in washing frac-
tions, they may correspond to contaminant proteins abundant
in the crude extract rather than to proteins bound specifi-
cally to CDSP32 through a disulfide bridge. However, note
that the eluted proteins of 50 and 15 kD were identified as
ribulose-1,5-bisphosphate carboxylase/oxygenase (Rubisco)
subunits by immunoblot analysis (data not shown) and that
Rubisco small subunit also has been identified as a target
for thioredoxin 

 

m 

 

by Motohashi et al. (2001). The physiologi-
cal relevance of an interaction between thioredoxins and
Rubisco remains to be explored.

To investigate whether the redox state of BAS1 alters its
binding capacity, as observed in the incubation experiments
described previously, the unbound fractions were treated using

 

t

 

-butyl hydroperoxide (tBOOH), a 2-Cys peroxiredoxin sub-
strate, and reapplied to the columns. As shown in lanes 7 of
Figures 5A and 5C and lanes 6 of Figures 5B and 5D, an in-
creased BAS1 amount was retained and eluted using DTT in
both species. These chromatography data clearly show that the
native AtBAS1 and StBAS1 peroxiredoxins are major targets for
the AtCDSP32 and StCDSP32 thioredoxins, respectively.

 

BAS1 Reduction by CDSP32

 

The AtBAS1m protein was engineered by linking a fluoro-
phore (carboxyfluorescein succinimidyl ester; FAM-SE) via a
disulfide bond to Cys-175 of the AtBAS1mC54S mutant.
The C54S mutant was used to prevent reduction of a FAM
derivative via dimerization. Such a strategy has been used
to measure the reduction rate of AhpC, the bacterial ho-
molog of BAS1, by AhpF (Poole et al., 2000a). The substrate

reduction results in fluorophore release and can be moni-
tored as an increase in fluorescence at 510 nm.

As shown in Figure 6A, a substantial increase in fluores-
cence was recorded after 75 s when using prereduced
AtCDSP32m at 0.5 

 

�

 

M and AtBAS1m-FAM at 1 

 

�

 

M. A maxi-
mal linear increase (

 

�

 

140 arbitrary units/min) was observed
during the first 10 s. By contrast, almost no fluorescence
change was noted using nonreduced AtCDSP32m (Figure
6A). These data clearly show the ability of AtCDSP32m to act
as an electron donor to the AtBAS1 2-Cys peroxiredoxin.

We then measured the maximal initial rates of AtBAS1m-
FAM reduction (at 1 

 

�

 

M) during the first 6 s of the reaction
using various AtCDSP32m concentrations. We observed
that, during this period, the AtBAS1 reduction rate increased
linearly with AtCDSP32m concentration in a range from 0.1
to 1.5 

 

�

 

M (Figure 6B). Finally, we compared the initial rates
of AtBAS1m-FAM reduction (at 1 

 

�

 

M) by AtCDSP32m,
AtCDSP32C-ter, StCDSP32m, and StCDSP32C-ter (at 0.5

 

�

 

M) (Figure 6C). We observed that, whereas AtCDSP32m,
AtCDSP32C-ter, and StCDSP32C-ter displayed close maxi-
mal linear rates during the first 6 s (

 

�

 

130 arbitrary units/
min), StCDSP32m reduced AtBAS1m in a substantially less
efficient manner (maximal rate of 

 

�

 

50 arbitrary units/min).

 

Peroxidase Activity of BAS1 in the Presence of CDSP32

 

We investigated whether AtBAS1m displays CDSP32-depen-
dent peroxidase activity by measuring the rate of H

 

2

 

O

 

2
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Figure 4. In Vitro Analysis of the Interaction Products between CDSP32 and BAS1 Proteins.

(A) to (D) Immunoblot analysis of the interaction products between CDSP32 and BAS1 proteins. Recombinant AtBAS1m and AtBAS1mC54S
were incubated in vitro with AtCDSP32mC164S ([A] and [B]) or StCDSP32mC163S ([C] and [D]) for 15 min at room temperature in phosphate
buffer, separated using SDS-PAGE in the presence (�) or absence (�) of DTT in the loading buffer, and revealed by immunoblot analysis using
the anti-AtCDSP32 (A), anti-StCDSP32 (C), and anti-AtBAS1 ([B] and [D]) sera. Asterisks indicate the bands recognized by both anti-AtCDSP32
and anti-AtBAS1 sera.
(E) SDS-PAGE analysis of the interaction product between AtBAS1mC54S-TNB and AtCDSP32mC164S. AtBAS1mC54S was reacted with dithio-
bisnitrobenzoic acid to form a AtBAS1mC54S-TNB mixed disulfide before incubation with AtCDSP32mC164S prereduced with DTT. The proteins
were incubated in vitro for 15 min at room temperature in phosphate buffer, separated using SDS-PAGE in the absence of DTT, and revealed using
Coomassie blue staining. Lane 1, AtCDSP32mC164S; lane 2, AtBAS1mC54S-TNB; lane 3, AtCDSP32mC164S � AtBAS1mC54S-TNB.
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consumption in mixtures containing prereduced AtCDSP32m,
AtBAS1m, and 100 

 

�

 

M H

 

2

 

O

 

2

 

 (Figure 7). In the absence of
AtBAS1m, the H

 

2

 

O

 

2

 

 concentration remained almost stable. In
the absence of AtCDSP32m, a slight decrease in H

 

2

 

O

 

2

 

 concen-
tration, particularly during the first 10 min of the reaction, was
noted. When 5 

 

�

 

M prereduced AtCDSP32m was mixed with 5
or 10 

 

�

 

M AtBAS1m, the H

 

2

 

O

 

2

 

 concentration decreased to 77 or
68 

 

�

 

M after 15 min, respectively. In both cases, the initial rate of
H

 

2

 

O

 

2

 

 consumption, measured within the first 4 min, was 

 

�

 

0.32

 

�

 

mol H

 

2

 

O

 

2

 

·min

 

�

 

1

 

·

 

�

 

mol

 

�

 

1

 

 AtBAS1m (Figure 7, subfigure).
These data indicate that AtCDSP32m provides electrons to

AtBAS1m, which in turn can reduce H

 

2

 

O

 

2

 

. The peroxidase ac-
tivity appears rather limited because of the absence of an elec-
tron donor to AtCDSP32m to sustain the reducing flux. Poole
et al. (2000a) reported similar results when measuring the per-
oxidase activity of AhpC in the presence of a truncated AhpF
protein corresponding to its double thioredoxin domain.

 

Generation of Transgenic Potato Plants with Modified 
CDSP32 Levels

 

Potato cv Désirée plants were transformed with the whole
StCDSP32 cDNA in the sense orientation under the control

of the 35S promoter of 

 

Cauliflower mosaic virus

 

. A total of
31 kanamycin-resistant plants were screened using immu-
noblot analysis for the CDSP32 abundance in leaves. Four
lines (D4, D10, D18, and D26) with notably altered levels of
CDSP32 were selected for further investigation. In lines D10
and D26, fivefold higher CDSP32 abundance was observed
compared with that in the wild type (Figure 8A; image analy-
sis performed using Genetools [Syngene, Cambridge, UK])
and in four independent control lines transformed with the
vector carrying only the kanamycin resistance gene (data
not shown). The stromal localization of the overexpressed
protein was confirmed by immunoblot analysis of chloro-
plastic proteins (data not shown). By contrast, in lines D18
and D4, no protein was detected (Figure 8A), even when
larger protein amounts were loaded and when proteins from
younger or older leaves were analyzed (data not shown).

RNA gel blot hybridization was performed to investigate
the abundance of CDSP32 mRNA in leaves from transgenic
lines. A single 1.2-kb mRNA band was revealed in the wild
type (Figure 8B). Using the same exposure and revelation
procedures, a much higher level of transcript was observed
in lines D10 and D26, whereas the transcript was not de-
tected in lines D18 and D4 (Figure 8B).

DNA gel blot analysis was performed on genomic DNA

Figure 5. Affinity Chromatography of Arabidopsis and Potato Plant Extracts Using Mutated CDSP32 as Bait.

After application of Arabidopsis leaf ([A] and [B]) and potato chloroplastic ([C] and [D]) soluble proteins on affinity columns retaining immobilized
AtCDSP32mC164S ([A] and [B]) or StCDSP32mC163S ([C] and [D]), the proteins from each representative chromatography step were analyzed
using SDS-PAGE and silver staining ([A] and [C]) or immunodetection with the anti-AtBAS1 serum ([B] and [D]).
(A) and (C) Lane 1, molecular mass markers; lane 2, crude extract; lane 3, unbound proteins; lane 4, DTT-eluted proteins; lane 5, unbound frac-
tion oxidized with 100 �M tBOOH for 30 min at 4�C; lane 6, unbound proteins from the tBOOH-oxidized fraction; lane 7, DTT-eluted proteins
from the tBOOH-oxidized fraction.
(B) and (D) Immunoblot analysis with the anti-AtBAS1 serum of the fractions corresponding to lanes 2 to 7 of (A) and (C), respectively.
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digested with XbaI, which does not cleave StCDSP32
cDNA. The probe hybridized one major band in wild-type
DNA (Figure 8C), likely indicating the presence of one gene
copy in cv Désirée, as reported for cv Haig (Rey et al., 1998).
In digests from transformants, different patterns were ob-
served, with approximately five additional bands for lines
D18 and D4 (Figure 8C) and two supplementary bands for
lines D10 and D26 (Figure 8C). Because lines D18 and D4
displayed the highest number of inserted CDSP32 copies
and lacked the CDSP32 mRNA and the protein, we con-
cluded that a cosuppression mechanism occurred at the
transcript level in these lines.

Under standard phytotron conditions, no obvious pheno-
type was noted for the four independent transgenic lines,
which exhibited growth and development characteristics
similar to those of the wild type and transgenic controls
(data not shown). Because lines D4 and D18, on the one
hand, and lines D10 and D26, on the other hand, displayed
similar characteristics with regard to stress response, addi-
tional experiments were performed using an equal number
of plants from each line. Cosuppressed and overexpressing
lines were designated CDSP32� and CDSP32�, respec-
tively.

Photosynthetic Damage in Leaf Discs Subjected to 
Oxidative Treatments

We investigated the characteristics of transgenic lines using
leaf discs treated with either the photooxidizing photosys-
tem (PS) I acceptor methyl viologen (Babbs et al., 1989) or
the alkyl hydroperoxide tBOOH. We used PSII photochemi-
cal efficiency and chlorophyll content as indicators of pho-
tosynthetic performance to evaluate the resistance to
oxidative stress. The maximal PSII photochemical efficiency
was measured using the chlorophyll fluorescence parameter
Fv/Fm (see Methods), which reflects the PSII capacity to re-
duce electron acceptors in the photosynthetic pathway
(Maxwell and Johnson, 2000). In discs floated on 1 �M methyl
viologen, a severe decrease in Fv/Fm was recorded in all

Figure 6. Reduction of AtBAS1m-FAM by CDSP32.

The reduction of AtBAS1m-FAM was monitored as a fluorescence
increase at 510 nm generated by the release of FAM. The reactions
were performed in phosphate buffer and started by adding CDSP32.
AU, arbitrary units.
(A) Increase in fluorescence intensity in a reaction mixture contain-
ing 1 �M AtBAS1m-FAM and 0.5 �M reduced (closed circles) or

nonreduced (closed inverted triangles) AtCDSP32m. The fluores-
cence intensity values were read every 5 s after starting the reaction.
(B) Initial rates of fluorescence increase measured in reaction mix-
tures containing 1 �M AtBAS1m-FAM and AtCDSP32m in a con-
centration range from 0.1 to 1.5 �M. Vi was calculated as the rate of
increase in fluorescence intensity (AU) during a 6-s period.
(C) Increase in fluorescence intensity in reaction mixtures contain-
ing AtBAS1m-FAM and AtCDSP32m (closed circles), AtCDSP32C-
ter (closed inverted triangles), StCDSP32m (open circles), or
StCDSP32C-ter (open inverted triangles). A total of 1 �M AtBAS1m-
FAM was mixed with 0.5 �M CDSP32 proteins. The fluorescence in-
tensity values were recorded every 0.5 s for 20 s.
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plant types after 3 h in the light (Figure 9A). No decrease
was noted in dark-incubated discs (data not shown).

The discs from CDSP32� plants exhibited a much higher
sensitivity to methyl viologen, with a Fv/Fm mean value
(0.256) significantly lower than those of the wild type (0.484)
and transgenic controls (0.512). Note that leaf discs from
CDSP32� plants showed reduced PSII efficiency compared
with the wild type and transgenic controls (Figure 9A). The
methyl viologen treatment, applied for 26 h under phytotron
light conditions, resulted in a loss of chlorophyll and bleach-
ing. The loss appeared to be much more severe in discs
from cosuppressed plants (34% chlorophyll retained com-
pared with that in untreated discs floated on water) than in
the wild type and transgenic controls (59 and 53%, respec-
tively) (Figure 9C). Discs from CDSP32� plants were found
to retain 51% chlorophyll under the photooxidative treat-
ment (Figure 9C).

When discs from cosuppressed plants were floated on 2
mM tBOOH under light, the PSII photochemical efficiency
decreased severely after 2.5 h (0.344) and was almost null
after 4 h (0.068) (Figure 9B). In contrast, the Fv/Fm values
were significantly higher in treated discs from the wild type

(0.593 and 0.258 after 2.5 and 4 h, respectively) and from
transgenic controls (0.542 and 0.350) (Figure 9B). Leaf discs
from CDSP32� lines were not less sensitive to tBOOH than
those from plants with unmodified CDSP32 levels (Figure
9B). After exposure for 26 h, discs from wild-type and trans-
genic control plants retained �40% chlorophyll, whereas
those from CDSP32� and CDSP32� lines retained 22 and
28% chlorophyll, respectively (Figure 9D). Together, these
data demonstrate a greater susceptibility to photooxidative
stress among lines lacking CDSP32 with regard to the sta-
bility of photosynthetic structures.

PSII Efficiency in Plants Subjected to 
Photooxidative Stress

The sensitivity to photooxidative stress of whole transgenic
plants was investigated under high light (1100 �mol·m�2·s�1)
combined with low temperature (6�C), conditions that in-
duce CDSP32 expression (Broin et al., 2000). After 25 h of
treatment (including 12 h of night), young leaves with no
bleaching symptoms were used for measurements of chlo-
rophyll fluorescence. The treatment resulted in severe de-
creases in PSII photochemical efficiency, as indicated by Fv/Fm

values 	0.4 in all lines (Table 1). However, the CDSP32�

plants displayed increased sensitivity to the treatment, with
Fv/Fm mean values lower than those measured in the wild
type (Table 1). The overexpressing lines also exhibited re-
duced PSII efficiency, although to a lesser extent than the
cosuppressed lines.

DISCUSSION

In the present study, we show that the CDSP32 thioredoxin,
carrying a Cys-to-Ser mutation in the active site, can form a
heterodimer complex through a disulfide bridge with the
plastidic 2-Cys peroxiredoxin BAS1. These data, revealing
that BAS1 is a target for CDSP32, greatly improve our
knowledge concerning the identity of CDSP32 substrate(s),
because the thioredoxin activity of the protein had been
shown only on its C-terminal domain using insulin (Rey et
al., 1998). Because affinity chromatography revealed a
highly specific interaction between the two proteins, we pro-
pose that the plant 2-Cys peroxiredoxin BAS1 is a major tar-
get for the CDSP32 thioredoxin.

Recently, Motohashi et al. (2001) identified �14 targets,
including Rubisco activase, glutamine synthase, and differ-
ent peroxiredoxins, for an immobilized m-type thioredoxin
mutant from spinach. The 2-Cys peroxiredoxin type also
was found to interact with thioredoxin m, but in a much less
specific manner than in our experiments. Thus, the double-
module CDSP32 thioredoxin appears to display a much
greater specificity toward 2-Cys peroxiredoxin compared
with a simple module such as the m type.

Figure 7. Peroxidase Activity of AtBAS1m in the Presence of
AtCDSP32m.

A total of 5 �M (closed inverted triangles) or 10 �M (open inverted
triangles) AtBAS1m was mixed with 5 �M AtCDSP32m, prereduced
with DTT, in phosphate buffer containing 100 �M H2O2. The reaction
was started by adding AtBAS1m. The H2O2 concentration was de-
termined in a 5-�L reaction mixture using the FOX1 reagent (Wolff,
1994). A total of 10 �M AtBAS1m (open circles) or 5 �M
AtCDSP32m (closed circles) were used alone as controls. The sub-
figure shows the linear regression of H2O2 concentration as a func-
tion of time within the first 4 min of the reaction using 5 �M
AtCDSP32m and 5 �M (closed inverted triangles) or 10 �M (open in-
verted triangles) AtBAS1m. The regression parameters were calcu-
lated using SigmaPlot, with a confidence interval of 95%. The
calculated rates of H2O2 consumption were 1.59 �mol/min (r2 


0.83) and 3.25 �mol/min (r2 
 0.97) using 5 and 10 �M AtBAS1, re-
spectively.
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The mature CDSP32 protein is composed of two thiore-
doxin domains, with the one closest to the C terminus
containing a redox disulfide active site. Both AtCDSP32m
and StCDSP32m C-terminal domains were shown to reduce
insulin, revealing the functionality of the active site (Figure 3)
(Rey et al., 1998). By contrast, whole mature CDSP32 pro-
teins were unable to reduce insulin. In these assays, protein
misconformation was excluded because circular dichroism
spectra as well as two-dimensional NMR prints revealed
correct protein folding. Consequently, it can be hypothe-
sized that the higher specificity of the double module is
linked to the presence of the N-terminal domain. The forma-
tion of a complex composed of AtCDSP32mC164S and
AtBAS1m was observed clearly in vitro, but no complex was
noted when StCDSP32mC163S was mixed with AtBAS1m.
These incubation assays confirm the role of the CDSP32
N-terminal domain in the interaction with the target, because
most differences between AtCDSP32m and StCDSP32m
are located in the N-terminal domain (AtCDSP32m and
StCDSP32m C-terminal domains share 83% identity, and
their N-terminal domains share 67% identity). Accordingly,
whereas AtCDSP32m, AtCDSP32C-ter, and StCDSP32C-ter
displayed close initial rates of AtBAS1 reduction, a notably
lower rate was measured using StCDSP32m. Collectively,
these data suggest that the N-terminal thioredoxin-like do-
main would allow the thioredoxin catalytic activity of
CDSP32 to proceed via a role in the stability of the interac-
tion with the substrate. Site-directed mutagenesis in the

CDSP32 N-terminal domain would help identify the amino
acids involved in the interaction with the target.

According to the endosymbiotic origin of chloroplast
(Whatley, 1993), the plant gene BAS1, which is related to
AhpC (Baier and Dietz, 1997), is likely to originate from the
eubacteria-like genome. To date, no plant AhpF homolog
has been found in either sequencing or proteomics projects.
Like AhpF, CDSP32 exhibits a double thioredoxin module
and has been described as most closely related to the plant
h-type thioredoxin (Rey et al., 1998), which is believed to
originate from the eukaryotic host (Meyer et al., 1999). Thus,
whereas AhpF may have evolved directly from thioredoxin
reductase in eubacteria (Poole et al., 2000b), CDSP32 could
have appeared later in evolution from a eukaryotic thiore-
doxin gene duplication (StCDSP32 and AtCDSP32 N-termi-
nal and C-terminal domains share �45% similarity).

To date, very few transgenic plants modified in the ex-
pression of thioredoxin genes have been reported. Only bar-
ley plants overexpressing a thioredoxin h in the grain
endosperm have been described, using a seed-specific pro-
moter (Cho et al., 1999). The absence of any other study
concerned with modifying the level of thioredoxins in plants
suggests that these proteins fulfill essential functions and
that altering their expression results in severe perturbations
that impair development. With regard to CDSP32, overex-
pressing and cosuppressed transformants were indistin-
guishable from the wild type and transgenic controls under
standard growth conditions. These data indicate that the

Figure 8. Characterization of Transgenic Potato Lines with Modified CDSP32 Levels.

(A) Immunoblot analysis. Leaf soluble proteins (20 �g) from wild-type, D18, D4, D10, and D26 lines were analyzed using anti-StCDSP32 serum.
(B) RNA gel blot analysis. Total leaf RNA (6 �g) from the same lines were hybridized with a DIG-labeled StCDSP32 cDNA.
(C) DNA gel blot analysis. Genomic DNA (3 �g) from the same lines was digested with XbaI and hybridized with a DIG-labeled StCDSP32 cDNA.
Sizes of marker DNAs are shown at left. Wt, wild type.
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CDSP32 thioredoxin is dispensable for plant growth and de-
velopment and that the protein is involved mainly in stress
response, consistent with our previous reports showing
CDSP32 induction under drought and photooxidative condi-
tions (Rey et al., 1998; Broin et al., 2000).

Under photooxidative stress, wild-type and transgenic
potato plants exhibited substantial damage to the photo-
synthetic apparatus, as indicated by PSII efficiency and
chlorophyll content measurements. This decreased photo-

synthetic capacity likely originates from general membrane
degradation, as reported for wheat leaves subjected to high
light or high temperature (Mishra and Singhal, 1992) or for
methyl viologen–treated tobacco leaf discs (Hideg et al.,
2000). Our data clearly demonstrate that the lines lacking
CDSP32 are more susceptible to photooxidative treatments,
and they indicate that the thioredoxin fulfills an important
function in the protection of the photosynthetic apparatus
against oxidative damage. Note that the plants overexpressing

Figure 9. Maximal PSII Photochemical Efficiency and Chlorophyll Retention in Leaf Discs from Wild-Type, Transgenic Control, CDSP32-Cosup-
pressed, and CDSP32-Overexpressing Potato Plants Subjected to Photooxidative Treatments.

(A) Fv/Fm values measured in leaf discs floated on water (closed bars) or 1 �M methyl viologen (open bars) and exposed to light for 3 h after 16 h
in the dark.
(B) Fv/Fm values measured in leaf discs floated on water (closed bars) or 2 mM tBOOH and exposed to light for 2.5 h (gray bars) or 4 h (open
bars) after 16 h in the dark.
(C) and (D) Retention of chlorophyll in leaf discs floated on 1 �M methyl viologen (C) and 2 mM tBOOH (D) and exposed to light for 26 h under
phytotron photoperiod conditions after 16 h in the dark.
For each treatment, data from 6 to 10 independent experiments are reported (one plant per experiment). The presented Fv/Fm values are means �
SD of the average values measured on 10 discs per plant. The percentage of chlorophyll retention was calculated on the basis of the content of
untreated discs floated on water under the same light conditions. The presented percentage values are means � SD of the average values deter-
mined on 10 discs from one plant. CDSP32�, CDSP32 cosuppressed; CDSP32�, CDSP32 overexpressing; TC, transgenic control; WT, wild
type.
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CDSP32 were found to be more sensitive to photooxidative
stress than the wild type and the transgenic controls, al-
though to a lesser extent compared with the CDSP32�

lines. A greater susceptibility to oxidative stress was noted
when overexpressing �-glutamylcysteine synthetase, an en-
zyme involved in glutathione synthesis in tobacco chloro-
plasts, probably as a result of a failure in the redox-sensing
process (Creissen et al., 1999). Thus, we propose that the
overexpression of a thioredoxin such as CDSP32 also could
disturb the plastidic redox state. Because CDSP32 expres-
sion is induced under severe stress conditions in potato
(Pruvot et al., 1996; Rey et al., 1998; Broin et al., 2000) and
in Arabidopsis (data not shown), the high CDSP32 abun-
dance in overexpressing plants under mild stress conditions
could result in diverting the reducing power necessary for
other protection systems.

The results showing that CDSP32 downregulation pro-
vokes increased oxidative damage in potato chloroplasts in-
dicate that CDSP32 participates in tolerance to stress.
Because we identified BAS1 as a major target for CDSP32
in Arabidopsis and potato, and because AtBAS1 was found
to display AtCDSP32-dependent peroxidase activity, we
propose that the CDSP32 thioredoxin participates in the re-
duction of alkyl hydroperoxides by acting as a physiological
electron donor to the BAS1 peroxiredoxin. The chloroplast,
where CDSP32 and BAS1 are located, is a major site of ac-
tive oxygen species formation in plants (Smirnoff, 1993;
Asada, 1994). The functioning of the photosynthetic appara-
tus, particularly under abiotic constraints, gives rise to the
formation of superoxide anion at the PSI level or to singlet
oxygen in the light-harvesting antenna. Increased levels of
these harmful species can lead to damage such as lipid per-
oxidation in the thylakoids (Mishra and Singhal, 1992). Con-
sistent with our data, BAS1 was shown to exert a protective
function on the photosynthetic apparatus against oxidative
damage in Arabidopsis antisense mutants (Baier and Dietz,
1999a) and to form an integral part of the plastidic antioxi-
dant network (Baier et al., 2000). Like the bacterial AhpF/
AhpC system that participates in protection against osmotic
and oxidative stress (Poole et al., 2000b), the CDSP32/
BAS1 system could be essential to reduce alkyl hydroperox-
ides in plant chloroplasts during times of environmental
constraint (Figure 10). In this system, the CDSP32 thiore-
doxin would be a critical component for transferring the re-
ducing power, and the protein might be reduced by
ferredoxin-thioredoxin reductase, which is known to medi-
ate the flow of electrons from the photosynthetic electron
chain to thioredoxins m and f (Jacquot et al., 1997).

Table 1. Maximal PSII Photochemical Efficiency in Potato
Plants with Modified CDSP32 Levels Subjected to
Photooxidative Stress 

Plant Experiment 1 Experiment 2 Experiment 3

Wild type 0.291 � 0.020 (5) 0.208 � 0.019 (3) 0.335 � 0.076 (5)
CDSP32� 0.217 � 0.036 (6) 0.158 � 0.029 (4) 0.281 � 0.104 (6)
CDSP32� 0.222 � 0.079 (6) 0.182 � 0.029 (4) 0.318 � 0.083 (6)

Three-week-old potato plants were subjected to high light (1100
�mol·m�2·s�1) and low temperature (6/5�C day/night) for 25 h (in-
cluding 12 h of night) before measuring Fv/Fm. The results from three
independent experiments are reported, with the number of plants
given in parentheses. The presented Fv/Fm values are means � SD of
the average values obtained from 10 replicates per plant.

Figure 10. Putative Model for the Thioredoxin-Dependent Reduction of Alkyl Hydroperoxides in Chloroplast.

The electrons originating from the photosynthetic electron transfer chain may be transferred from ferredoxin to alkyl hydroperoxides through
ferredoxin-thioredoxin reductase, CDSP32, and BAS1. cytb6f, cytochrome b6f; Fd, ferredoxin; FTR, ferredoxin-thioredoxin reductase; Pc, plasto-
cyanin; PQ, plastoquinone; PSI and PSII, photosystems I and II.
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METHODS

cDNA Cloning, Expression in Escherichia coli, and Purification of 
Recombinant Proteins

Arabidopsis thaliana CDSP32 cDNA was cloned using a probe corre-
sponding to the full-length potato (Solanum tuberosum) CDSP32
cDNA to screen a 
ZAPII cDNA library (Stratagene) constructed from
poly(A)� RNA originating from 20-day-old Landsberg erecta plants
(Parker et al., 1997). After blotting to Biodyne B (Pall Gelman Sci-
ences, Ann Arbor, MI), hybridization to the random-primed probe la-
beled with �-32P-dATP (3000 Ci/mmol; Amersham-Pharmacia) was
performed in 5 � SSC (1� SSC is 0.15 M NaCl and 0.015 M sodium
citrate), 5 � Denhardt’s solution (1� Denhardt’s solution is 0.02% Fi-
coll, 0.02% polyvinylpyrrolidone, and 0.02% BSA), 0.1% SDS, and
100 �g/mL calf thymus DNA at 65�C for 16 h. Membranes were
washed in 2 � SSC and 0.1% SDS successively at 25, 35, 50, and
60�C for 10 min each.

The cDNAs coding for mature CDSP32 proteins (AtCDSP32m and
StCDSP32m) and for CDSP32 half C-terminal regions (AtCDSP32C-
ter and StCDSP32C-ter) were amplified using PCR with primers con-
taining 5� extensions (BamHI site for the forward primer, HindIII site
for the reverse primer) and cloned into the BamHI-HindIII sites of E.
coli expression vector pQE30 (Qiagen, Valencia, CA). The cDNA cod-
ing for mature Arabidopsis BAS1 (AtBAS1m) was amplified from a
cDNA library (Clontech, Palo Alto, CA) using primers containing
5� extensions (BamHI site for the forward and reverse primers)
and cloned into the BamHI site of expression vector pQE32 (Qiagen).
The cDNAs coding for AtCDSP32mC164S, AtBAS1mC54S, and
StCDSP32mC163S (Cys positions are given with respect to cleavage
sites) were obtained by site-directed mutagenesis using a pair of com-
plementary primers of 20 bp covering the mutation site in which the
Cys codon has been replaced by a Ser codon, according to the “splic-
ing by overlap extension” method described by Clackson et al. (1991).
After cloning, all PCR-generated cDNAs were verified by sequencing.

Expression of recombinant proteins was performed in E. coli strain
M15Rep4 grown at 37�C to an OD600 of 0.5 (Uvikon 942; Kontron,
Plaisir, France) (0.5-�m disposable cuvettes, 1-mL culture) in 2XYT
medium (16 g/L tryptone, 10 g/L yeast extract, 5 g/L NaCl). After in-
duction by 100 �M isopropylthio-�-galactoside and overnight culture
at room temperature, bacteria were pelleted by centrifugation and
lysed using a French press (16,000 p.s.i.) in 100 mM Tris, pH 8.0, 500
mM NaCl, 10% glycerol, 25 mM imidazole, 1 mM phenylmethylsulfo-
nyl fluoride, and 1 mM benzamidine. The supernatant recovered by
centrifugation (12,000g for 20 min) was used to purify polyhistidine-
tagged fusion proteins on a nickel affinity column (nickel–nitrilotri-
acetic acid agarose resin; Qiagen). After fixation and washing in lysis
buffer, washing and elution of recombinant proteins were performed
using 82.5 and 192.5 mM imidazole, respectively. Purified proteins
were dialyzed against 50 mM phosphate buffer, pH 7.0, and protein
concentration was measured spectrophotometrically at 280 nm us-
ing the molar extinction coefficient. Yields were between 10 and 15
mg/L for CDSP32 proteins and �30 mg/L for BAS1 proteins.

Incubation in Vitro, SDS-PAGE, and Immunoblot Analysis

For standard incubation, recombinant AtCDSP32mC164S or
StCDSP32mC163S (0.25 �g/�L) was incubated in an equimolar
ratio with AtBAS1m or AtBAS1mC54S in 40 �L of 50 mM potas-

sium phosphate buffer, pH 7.0, for 15 min at room temperature.
When using dithiobisnitrobenzoic acid, AtBAS1m was reacted with
the reagent to form AtBAS1m-TNB complexes, as described by
Wang et al. (1996). AtCDSP32mC164S was prereduced using DTT
and reacted with AtBAS1m-TNB in an equimolar ratio in 50 mM
potassium phosphate buffer, pH 7.0, for 15 min at room tempera-
ture.

Proteins were separated by SDS-PAGE in 13% acrylamide gels
(Laemmli, 1970) and electroblotted onto 0.45 �M nitrocellulose (Pall
Gelman Sciences) for immunoblot analysis (Rey et al., 1998). The se-
rum against the StCDSP32m N-terminal region (Rey et al., 1998) was
diluted 1:1500. The AtCDSP32m antiserum was raised using a syn-
thetic peptide corresponding to a N-terminal part (NDEKVQKIH-
SGEEFD) coupled to keyhole limpet hemacyanin (Agro-Bio, Villeny,
France) and used at a dilution of 1:1000. After cloning AtBAS1m
cDNA in pQE32 (Qiagen), a rabbit serum was raised against the puri-
fied recombinant protein (Agro-Bio) and used at a dilution of 1:5000.
Bound antibodies were detected using an anti-rabbit immunoglobulin
G alkaline phosphatase conjugate at a dilution of 1:10,000 (Sigma).

Leaf and Chloroplast Soluble Protein Preparation and Affinity 
Chromatography Experiments

Arabidopsis cv Columbia and potato cv Désirée leaves were ground
in liquid nitrogen using a mortar and pestle. The powder was resus-
pended in 50 mM Tris and 250 mM NaCl, pH 7.5, and filtered through
0.22-�m Miracloth (Calbiochem). After centrifugation (10,000g at 20
min), soluble proteins were collected in the supernatant. Protein con-
centration was determined using a modified Lowry procedure
(Sigma). Intact chloroplasts from potato leaves were isolated at 4�C
according to a modified method of Mills and Joy (1980) as described
by Pruvot et al. (1996), except that 40% Percoll instead of 25% was
used. Chlorophyll determination was performed according to
Lichtenthaler and Wellburn (1983). After freezing and thawing, lysed
chloroplasts were washed for 1 h at 4�C in 50 mM Tris-HCl and 250
mM NaCl, pH 7.5. Stromal proteins were collected in the supernatant
after centrifugation (10,000g at 20 min) and filtration through a 0.45-�m
filter (Millipore, Bedford, MA).

After desalting on 5-mL Hi-Trap desalting columns (Amersham Phar-
macia Biotech), �7 mg of AtCDSP32mC164S or StCDSP32mC163S
was coupled to the Hi-Trap NHS-activated 1-mL affinity column
(Amersham Pharmacia Biotech) according to the manufacturer’s
procedure. Leaf or chloroplastic soluble proteins in 25 mM Tris,
pH 7.5, and 250 mM NaCl (�80 mg, 1 mg/mL) were applied to the
column by injection at a flow rate of 0.5 mL/min. The column was
washed successively with 25 mM Tris, pH 7.5, and buffers con-
taining 250 mM NaCl (10 mL) and 500 mM NaCl (10 mL) at 0.5
mL/min. Elution was performed in 25 mM Tris, pH 7.5, and 250
mM NaCl supplemented with 2 mM DTT. Oxidation of the un-
bound fraction was performed using 100 �M t-butyl hydroperox-
ide for 30 min at 4�C. Washing and elution fractions were
concentrated 10 times using acetone precipitation. Silver stain-
ing of gels was performed using the protocol of Heukeshoven
and Dernick (1988).

Insulin and BAS1 Reduction Assays

Insulin reduction assays were performed according to a modified
protocol from Holmgren (1979) as described by Rey et al. (1998) using
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E. coli thioredoxin (Sigma) as a control. Recombinant AtBAS1mC54S
mutant protein was engineered by attaching a fluorescein derivative
(FAM-SE, 5- and 6-isomers; Molecular Probes, Eugene, OR), via a dis-
ulfide bond, to Cys-175, as described by Poole et al. (2000a). Concen-
tration of the modified protein, designated AtBAS1m-FAM, was
measured using a modified Lowry procedure (Sigma). When bound to
peroxiredoxins such as AtBAS1m, the fluorescein fluorescence is
quenched. In the case of the AhpC-FAM complex, Poole et al. (2000a)
estimated the percentage of quenched fluorescence at �70%.

Reduction of AtBAS1m-FAM results in fluorescein release, which
can be monitored as an increase in fluorescence emission. Assays
were performed in 1-mL reaction volume in 50 mM phosphate buffer,
pH 7.0. Fluorescence emission was recorded using light excitation at
493 nm and a 510-nm filter on a LS50B spectrophotometer (Perkin-
Elmer). Addition of CDSP32 started the reaction. Before use, the
CDSP32 proteins were reduced overnight at 4�C in the presence of a
100-fold DTT excess in molarity, and excess DTT was removed by
gel filtration chromatography.

Peroxidase Activity

AtBAS1m peroxidase activity in the presence of AtCDSP32m was
measured in 500 �L of 50 mM phosphate buffer with 100 �M H2O2.
AtCDSP32m was prereduced using DTT as described above. H2O2

concentration was measured using the FOX1 reagent (Wolff, 1994)
(PeroXOquant quantitative peroxide assay; Pierce). Reaction ali-
quots (5 �L) were mixed with 250 �L of FOX1 reagent in microwell
plate wells. After 15 min at room temperature, the absorbance at
595 nm was read using a microwell plate Dynatech MR5000 spectro-
photometer (Saint-Cloud, France). A blank value without H2O2 was
recorded, and a standard calibration curve was plotted using in-
creasing H2O2 concentrations from 0 to 100 �M.

Plant Transformation Procedures

Potato CDSP32 (StCDSP32) cDNA from nucleotides 46 to 1049 was
amplified by PCR using primers containing restriction site exten-
sions and cloned as a BamHI-XbaI fragment in pBluescript KS�

(Stratagene). The cDNA was excised as a HindIII-SacI fragment and
cloned in the sense orientation in the binary vector pKYLX71
(Schardl et al., 1987) containing a double 35S constitutive promoter
from Cauliflower mosaic virus (Odell et al., 1985) and the ribulose-
1,5-bisphosphate carboxylase/oxygenase small subunit terminator.
After introduction of the construct or of the empty vector in Agro-
bacterium tumefaciens C58, potato cv Désirée plants were trans-
formed according to a modified protocol of Visser et al. (1989) using
stem explants from the upper third part of 5-week-old plantlets grown
in vitro. Roest and Bokelmann’s medium (1976) was used during
transformation and regeneration procedures, and kanamycin resis-
tance was applied for selection of transformants 7 days after explant
cocultivation with Agrobacterium. Transgenic and wild-type lines
were propagated in vitro and transferred for growth in vivo in a phy-
totron (PPFD of 300 �mol·m�2·s�1, 12-h night, 23/19�C day/night).

Genomic DNA and RNA Preparation, and DNA and RNA Gel
Blot Hybridizations

Potato genomic DNA was extracted from young leaves using the
DNeasy Plant Mini Kit (Qiagen). After digestion (3 �g) with XbaI, re-

striction fragments were separated on 0.8% agarose gels and
transferred onto positively charged nylon membranes (Roche Diag-
nostics, Meylan, France). Hybridization to a StCDSP32 cDNA probe
labeled with digoxigenin (DIG)-dUTP was performed in DIG Easy Hyb
mix (Roche Diagnostics) overnight at 42�C. Membranes were washed
in 2 � SSC and 0.1% SDS twice for 5 min at room temperature and
twice for 20 min at 55�C. Immunological revelation was performed us-
ing an anti-DIG–alkaline phosphatase conjugate and a chemilumines-
cent substrate according to Roche Diagnostics procedures.

For RNA gel blot analysis, total RNAs were prepared from young ex-
panded potato leaves from 3-week-old plants using the RNeasy Plant
Mini Kit (Qiagen) and separated on formaldehyde gels. Gels were stained
with ethidium bromide to ensure that equal amounts of RNAs (6 �g) had
been loaded. After blotting onto positively charged nylon membranes,
hybridization to a DIG-labeled StCDSP32 cDNA was performed in DIG
Easy Hyb mix (Roche Diagnostics) overnight at 50�C. Washing and im-
munological revelation were as described for DNA gel blot procedures.

Oxidative Treatments, Chlorophyll Content Determination, and 
Fluorescence Measurements

For incubation experiments, 1.4-cm-diameter discs were excised
from young well-expanded leaflets of 3-week-old plants. Discs were
incubated on 0.1% Tween 20 containing 1 �M methyl viologen
(Sigma) or 2 mM t-butyl hydroperoxide (Sigma) in the dark for 16 h
and then exposed to light (375 �mol·m�2·s�1) for 26 h under phy-
totron photoperiod conditions. Discs then were frozen in liquid nitro-
gen and assayed for chlorophyll content. After blending, the powder
was resuspended in 80% acetone, and the chlorophyll content was
calculated according to Lichtenthaler and Wellburn (1983).

Three-week-old plants were subjected to high light and low tem-
perature (1100 �mol·m�2·s�1, 6/5�C day/night) in controlled growth
chambers with 20% air renewal per hour (André and Du Cloux, 1993)
for 25 h (10 h of light/12 h of dark/3 h of light).

Chlorophyll fluorescence emission from upper leaf disc surfaces
was measured using a PAM-2000 modulated Walz fluorometer (Ef-
feltrich, Germany; Havaux et al., 2000). After dark adaptation for 30
min, the initial level (Fo) of chlorophyll fluorescence was excited by a
dim red light modulated at 600 Hz and determined after a 2-s illumi-
nation with far-red light. The maximal level of chlorophyll fluores-
cence (Fm) was induced by a 800-ms pulse of intense white light. The
maximal quantum yield of photosystem II photochemistry was calcu-
lated as (Fm � Fo)/Fm 
 Fv/Fm, where Fv equals variable fluorescence.

Accession Numbers

The accession numbers for the sequences described and mentioned
in this article are as follows: AtCDSP32 (EMBL, AJ318055); StCDSP32
cDNA (EMBL, Y09987); and the two overlapping genomic fragments
from Arabidopsis chromosome I containing AtCDSP32 (GenBank,
AC009978 and ATZ83321). The SWISS-PROT accession number for
AtBAS1m is Q96291.
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